FLO2, FLOURY ENDOSPERM 2, is highly conserved in higher plants, and rice FLO2 has been predicted to be involved in regulation of accumulation of storage compounds. We analyzed the function of Arabidopsis thaliana FLO2 (AtFLO2) because A. thaliana set structurally different seeds from those of rice. Although the flo2 mutant of A. thaliana showed normal germination, inflorescence and morphogenesis of flowers, peculiar phenotypes on leaves and siliques were observed, suggesting that this gene played important roles during both the vegetative and reproductive stages. The mutant leaves showed a decrease in chloroplast numbers, and increased total biomass with faster growth. When grown in high light intensity conditions, it was observed that aging events were induced. The flo2 mutant showed depressed transportation of photoassimilates into the sink organs. In the reproductive stage, the flo2 mutant had significantly smaller size siliques, causing a reduced yield of seeds. These seeds were structurally weak, and the quality of seeds was significantly lowered, with reduction of accumulation of storage compounds by seeds. A positronemitting tracer imaging system (PETIS) analysis detected a decreased amount of photoassimilate transport in the flo2 mutant. Therefore, it was presumed that the phenotypes of the flo2 mutant were caused by reduced performance of translocation or transportation of the photoassimilates. Our observation suggests that AtFLO2 is strongly involved in regulation of translocation and transport of assimilates, and contributes greatly to quality control of the various processes involving substance supply or transfer, such as photoassimilation, leaf enlargement, yield of seeds in a silique and accumulation of seed storage compounds.
FLO2, FLOURY ENDOSPERM 2, is highly conserved in higher plants, and rice FLO2 has been predicted to be involved in regulation of accumulation of storage compounds. We analyzed the function of Arabidopsis thaliana FLO2 (AtFLO2) because A. thaliana set structurally different seeds from those of rice. Although the flo2 mutant of A. thaliana showed normal germination, inflorescence and morphogenesis of flowers, peculiar phenotypes on leaves and siliques were observed, suggesting that this gene played important roles during both the vegetative and reproductive stages. The mutant leaves showed a decrease in chloroplast numbers, and increased total biomass with faster growth. When grown in high light intensity conditions, it was observed that aging events were induced. The flo2 mutant showed depressed transportation of photoassimilates into the sink organs. In the reproductive stage, the flo2 mutant had significantly smaller size siliques, causing a reduced yield of seeds. These seeds were structurally weak, and the quality of seeds was significantly lowered, with reduction of accumulation of storage compounds by seeds. A positronemitting tracer imaging system (PETIS) analysis detected a decreased amount of photoassimilate transport in the flo2 mutant. Therefore, it was presumed that the phenotypes of the flo2 mutant were caused by reduced performance of translocation or transportation of the photoassimilates. Our observation suggests that AtFLO2 is strongly involved in regulation of translocation and transport of assimilates, and contributes greatly to quality control of the various processes involving substance supply or transfer, such as photoassimilation, leaf enlargement, yield of seeds in a silique and accumulation of seed storage compounds.
Introduction
Seed is a representative storage organ in which massive amounts of storage compounds are accumulated as an energy source during the stage of seed germination. In most plant species, storage starch is synthesized in the amyloplasts, specialized plastids contained in the endosperm (Martin and Smith 1995) . For the production of storage compounds, a large amount of sucrose is supplied as a starting material from the source organs to the sink organs where the biosynthetic activity is highly enhanced during seed development (Shimada et al. 2004) .
Storage compounds such as carbohydrates, lipids and proteins are accumulated in the endosperm, aleurone layer and embryo of seeds, depending on the species. Arabidopsis thaliana seeds store a large amount of lipids in the cotyledons as energy and carbon reserves (Li-Beisson, 2013) . Arabidopsis thaliana embryos also accumulate storage proteins abundantly. Seed storage proteins are important for seed germination and early seedling growth. 12S and 2S proteins are the major seed storage proteins and represent up to one-third of a seed's dry weight (Kroj et al 2003) . The 12 S storage protein becomes abundant during the final stage of embryo development (Heath et al. 1986 ).
Sucrose produced in leaves is transported to the sink organs. Leaf size and shape strongly influence the efficiency of photosynthesis (Gonzalez et al. 2012) . Sucrose plays an important role in plant growth and development. Allocation of photoassimilates in plants is conducted by transport of sucrose from the photosynthetic 'sources' (predominantly leaves) to the heterotrophic 'sinks' (meristems, roots, flowers and seeds). Inhibition by mutations that reduce leaf assimilate exudation leads to increased sugar accumulation in leaves (Chen et al. 2012) . Seed filling in A. thaliana requires three sucrose transporters, SWEET11, 12 and 15, which exhibit specific spatiotemporal expression patterns in developing seeds. A triple mutant of these genes shows severe seed defects, which include retarded embryo development, reduced seed weight and reduced starch and lipid content, causing a 'wrinkled' seed phenotype. The cascade of sequentially expressed SWEETs provides the feeding pathway for the plant embryo, an important feature for yield potential .
The rice flo2 (floury 2) mutant results in a reduced production of storage starch and proteins, and seeds of this mutant show a peculiar phenotype with soft and chalky endosperm along with a reduced grain size and quality (Kawasaki et al. 1996) . We have identified FLO2 (FLOURY ENDOSPERM 2) as the gene responsible for the rice flo2 mutant. FLO2 encodes a 189.3 kDa protein containing tetratricopeptide repeat (TPR) motifs (She et al. 2010 ). FLO2 constitutes a gene family with homologous genes, FLL1 and FLL2, and is highly conserved in the plant kingdom. Homologous genes are conserved in higher plants, such as in wheat, sorghum, poplar, grape, castor bean and A. thaliana (She et al. 2010) .
Rice FLO2 is expressed in both developing seeds and leaves, although a mutant lacking this gene function shows a typical phenotype in terms of the property of seeds but no significant phenotype in leaves. Rice FLO2 functions as a regulatory factor that controls the quantity, as well as the quality, of the biosynthesis of storage starch and proteins in endosperm (She et al. 2010) . However, its function in leaves is unclear. Seeds of A. thaliana are structurally different from rice seeds, and accumulate a large amount of lipids as a storage compound in the embryo. Arabidopsis thaliana also conserves the FLO2 gene family. It is suggested that there is a different function of FLO2 in A. thaliana. Here we describe analysis of the A. thaliana FLO2, and the physiological function of this gene is discussed.
Results

Isolation of A. thaliana flo2 mutants
It has been reported that the rice FLO2 is a regulatory factor controlling the production of storage starch and proteins in developing seeds. FLO2 comprises a gene family which exists widely in the plant kingdom (She et al. 2010) . Arabidopsis thaliana contains the counterparts of the genes for rice FLO2 and its homologs, FLL1 and FLL2 ( Supplementary Fig. S1 ). Among these genes, a homologous protein encoded by the At1g15290 gene showed higher similarity to rice FLO2 (70.8% similarity) ( Supplementary Fig. S2 ), and we named this gene AtFLO2.
AtFLO2 was predicted to have 21 exons with 20 introns, and to encode a protein composed of 1,608 amino acid residues, in the middle region of which TPR motifs were conserved (Fig.  1A) . In the published database (http://bar.utoronto.ca/efp2/ Arabidopsis/Arabidopsis_eFPBrowser2.html), the expression profile of the gene corresponding to AtFLO2 has been shown. This indicates that the transcript of AtFLO2 exists abundantly in rosette leaves, cauline leaves and developing seeds, but little is detected in roots. Therefore, it is suggested that this gene was expressed in both vegetative and reproductive growth stages.
To determine the function of AtFLO2, we sought an A. thaliana mutant among the T-DNA insertion lines, and found mutants, SALK_138275 and SALK_208556, which had an insertion in the 14th intron and 18th intron of the At1g15290 gene, respectively (Fig. 1A) . Since these mutant seeds had a heterologous genotype, we obtained homozygous mutant lines from the M 2 progeny. The homozygous mutant plants of SALK_138275 set large rosette leaves as a phenotype ( Supplementary Fig. S3A) . Similarly, the mutant plants of SALK_208556 also showed a phenotype of setting large rosette leaves ( Supplementary Fig. S4 ). They showed defective expression of the At1g15290 gene, suggesting that they were considered as mutants of this gene. Then, the homozygous mutant plant of SALK_138275 was crossed with the wild-type Col-0 plant, and among the F 2 progeny we isolated homozygous mutant plants whose genotype was identical to that of SALK_138275 at the At1g15290 gene. These lines also showed defective expression of the At1g15290 gene (Fig. 1B) . These F 2 lines showed the appearance of large rosette leaves, as observed on the parental mutant plant ( Supplementary Fig. S3B ), suggesting that this feature was linked to the mutation of the At1g15290 gene. This character was inherited by the progeny. Therefore, they were considered as the mutants lacking the expression of the AtFLO2 gene, and we named these lines A. thaliana flo2 mutant lines.
Morphology of the A. thaliana flo2 mutants during the vegetative stage
Seeds of the flo2 mutant lines germinated normally. No significant difference was found in the features of the seedlings and plantlets. They grew normally during the vegetative stage. These mutant lines produced normal shaped leaves (Fig. 1C) . However, the size of an individual rosette leaf was approximately 30% larger on average than that of the wild-type plant (Fig. 1D) . The fresh weight of these leaves was approximately 40% greater than that of the wild-type leaves (Fig. 1E) . Many leaves seemed to grow faster and exhibited a feature of early stages of senescence with a pale green color within a few weeks. At 20 days after sowing (DAS), the number of rosette leaves of the flo2 mutants was 12 on average, which was less than that of the wild-type plant (Fig. 1F) . No significant difference between them was found in the number of stomata on a leaf (Fig. 1G) .
Microscopic observation of a cross-section of leaves showed that there was a difference in the shapes of mesophyll cells between the flo2 mutant and the wild-type plants. The palisade mesophyll cells showed a pale green color (Fig. 1H) . The number of chloroplasts in the cell was reduced. They were significantly larger than those of the wild-type plant (Fig. 1I) , although the features of other cells appeared normal.
When the flo2 mutant was grown under conditions of high light intensity, leaves of the mutant plant showed an intriguing packed feature that looked similar to those of the wild-type plant. However, the trait of pale green color was retained on the mutant plant leaves (Fig. 2) . Many rosette leaves turned yellow early on, and exhibited the phenotype of senescence at 2 weeks after sowing, whereas leaves of the wild-type plant maintained green color under both growth conditions (Fig. 2) . Features of the A. thaliana flo2 mutants at the reproductive stage
The features of the matured plants looked normal. The flo2 mutant plant set normal shaped flowers without any morphological change (Fig. 3A) . The number of flowers was approximately the same as that of the wild-type plants. Timing of the bolting of the flo2 mutant was 1 or 2 d earlier than that of the wild-type plants, and bolting was complete at 22 DAS (Fig. 3B) .
The flo2 mutant showed sufficient fertility like the wild-type plants. The number of siliques was approximately the same as that of the wild-type plants (Fig. 4A) . However, an obvious difference was observed in the feature of siliques of the flo2 mutants (Fig. 4B) . Their length was significantly shorter than those of the wild type, whereas their width was nearly the same ( Fig. 4C, D) . The number of seeds inside a silique of the flo2 mutant was significantly reduced, and the yield of seeds was approximately 60% of that of the wild-type plant (Fig. 4G) . The individual seeds of the flo2 mutant looked normal (Fig. 4E, F) , and no significant difference was found in the shape and size between those of the flo2 mutant and the wild-type ( Fig. 4H-J) .
We analyzed the scanning electron microscopic images of a transverse section of the seeds. This analysis indicated that the features of the embryo of flo2 mutant seeds were similar to those of the wild type (Fig. 5A) . However, the flo2 mutant seeds seemed to be structurally weak, and were easily crushed. Hematoxylin and eosin staining of the flo2 mutant seeds showed a reduction in the stained area compared with the wild type (Fig. 5B) . This suggests that a decrease of cellular materials such as the nuclear fraction occurred in these seeds. As regards the endosperm layer, it was found that the staining strength was reduced, suggesting that the layer of endosperm lying beside the seed coat became thinner in the flo2 seeds (Fig. 5B) . 
Alteration of gene expression involved in production of seed storage compounds
In the rice flo2 seeds, it has been reported that accumulation of the seed storage compounds is significantly reduced (She et al. 2010) . We analyzed the accumulation of these storage compounds in the A. thaliana flo2 mutants.
Arabidopsis thaliana seeds accumulate 12S and 2S proteins as well as seed storage lipids. SDS-PAGE analysis detected nearly the same amount of storage proteins in the seeds of the flo2 mutants (Fig. 5C) . To determine the accumulation of storage lipid and starch, we performed Nile blue and iodine staining, respectively, on the transverse section of flo2 seeds. As shown in Fig. 5D , the flo2 seeds showed a relatively low level of staining compared with those of the wild-type plant, suggesting that a decrement in the accumulation of storage lipids occurred in the flo2 mutant. There was a very low level of iodine staining in both the wild type and the flo2 mutant plants, and no difference was found (Fig. 5E) .
Next, we analyzed expression of the representative genes involved in production of storage componds by real-time quantitative reverse tanscription-PCR (real-time RT-PCR). This analysis indicated that the amounts of the transcripts of the genes involved in storage lipids, such as 3-ketoacyl-acyl carrier protein synthase I and FatA acyl-ACP thioesterase, were decreased in the developing seeds of the flo2 mutant (Fig. 6) . However, no significant alteration was detected in those for storage starch, such as ADP-glucose pyrophosphorylase small subunit 1 and starch branching enzyme 1, and the genes involved in starch degradation, such as b-amylase and starch debranching enzyme 1. The amount of transcript of 12S storage protein was decreased, but that of 2S protein was increased. No significant difference was seen in sucrose transporter genes encoding SWEET11 and SWEET12, although a decreased amount of transcript was detected for SWEET15 (Fig. 6) . These results suggested that the production of storage lipids was reduced, but the ability to produce other storage compounds was retained in the flo2 mutant.
Efficiency of photoassimilate partitioning
We analyzed starch accumulation in the vegetative plants by iodine staining. As shown in Fig. 7 , the wild-type plant accumulated a sufficient amount of starch in the meristem region. In contrast, the flo2 mutant accumulated little starch. This shows that there was an obvious difference in the translocation of the assimilated carbons between the flo2 mutant and wildtype plants.
Next, we evaluated carbon absorption, fixation, transport and accumulation using a positron-emitting tracer imaging system (PETIS). PETIS is specially developed for plant studies as a powerful live imaging technology using radiotracers, such as a b + decay radioisotope 11 C whose half-life is 20.39 min. This system can be applied to obtaining time-course images of the two-dimensional distribution of a radioisotope within intact plants (Kawachi et al 2011) . Thus we monitored the carbon movement in the whole plant body. We set the 21-day-old flo2 mutant and the wild type plants on the PETIS, and observed the dynamics of carbon assimilation and translocation after pulse-feeding of radioactive 11 CO 2 . The efficiency of the fixation and translocation of the photoassimilates was compared between the wild-type and the flo2 mutant plants in terms of the intensity of radioactivity after 11 CO 2 was uniformly applied to each plant at the same time. When the experiment was performed both on the wild type and the flo2 mutant plants in light at 300 mmol m -2 s -1
, the PETIS measurement detected a similar amount of 11 C in the plant at the early stage of the measurement (at 10 min after applying 11 CO 2 ) (Fig. 8A) . Then the radioactivity in the central region containing the meristems and roots that corresponded to the sink organs increased rapidly (Fig. 8A) . These results suggested that there was no apparent difference in the efficiency of fixation of the applied radioactive 11 C between both plants, and that the fixed 11 C was rapidly translocated into the sink organs. The serial images of PETIS measurement revealed that the area of the central region showing strong radioactivity was expanded in both plants. Between the wild-type and the flo2 mutant plants, an apparent difference was detected in the patterns of translocation of the assimilated carbon (Fig. 8A) . When judged by the size of the area showing strong radioactivity, it could be seen that a relatively low amount of radioactivity was accumulated in the flo2 mutant plant compared with the wildtype plant (Fig. 8A) .
When the experiment was performed in the light at 1,000 mmol m -2 s -1 , the flo2 mutant showed significantly different phenotypes from those of the wild-type plant (Fig. 8B) . The serial images of PETIS measurement indicated that the size of the central region showing strong radioactivity became larger with increasing measurement time in the wild-type plant. However, in the flo2 mutant, this size was smaller than that observed in the wild-type plant. In addition, the total radioactivity in the whole plant rapidly decreased in the flo2 mutant (Fig.  8B) . These facts suggested that the efficiency of translocation was reduced, and that the ratio of released carbon was increased in the flo2 mutant compared with the wild-type plant.
Discussion
In this study, we characterized the A. thaliana FLO2 gene, AtFLO2, which was suggested to play important roles during Fig. 6 Real-time RT-PCR analysis of the expression of the representative genes involved in production of storage compounds. Total RNA prepared from developing siliques was used for real-time RT-PCR analysis. Expression of representative genes is shown relative to the wild type, which is set as 1. Each gene name is indicated by a simplified representation with the accession number of the corresponding gene. KAS1, 3-ketoacyl-acyl carrier protein synthase I (At5g46290); FaTA, FatA acyl-ACP thioesterase (At3g25110); ADG1, ADP-glucose pyrophosphorylase small subunit 1 (At5g48300); BE1, starch branching enzyme 1 (At3g20440); BMY1, b-amylase (At4g17090); DBR1, starch debranching enzyme 1 (At4g31770); 12S, 12S seed storage protein (At4g28520); 2S, 2S seed storage protein (At3g22600); SWEET11 (At3g48740), SWEET12 (At5g23660) and SWEET15 (At5g13170), sugar transporters. The transcript of ubiquitin conjugating enzyme 21 (UBC; AT5g25760) was used as the control. Error bars represent the means ± SD (n = 3). Means that differed significantly from the wild-type plant are indicated by an asterisk (P < 0.07). both the vegetative and reproductive stages. The FLO2 gene constitutes a gene family with homologous genes, FLL1 and FLL2, which are highly conserved in higher plants. They are predicted to have an important role in plant species (She et al. 2010 ). Arabidopsis thaliana also had a set of counterparts of FLO2, FLL1 and FLL2. The AtFLO2 gene was highly expressed in leaves and developing seeds. This expression pattern was identical to that of rice FLO2, suggesting that A. thaliana FLO2 had a similar function to that of rice FLO2.
Rice FLO2 is predicted to play a crucial role in developing seeds, in regulating the biosynthesis of storage starch and proteins in the endosperm (She et al. 2010) . It is known that A. thaliana seeds accumulate a large amount of storage compounds, such as lipids and proteins, in the embryo, whereas the endosperm is only one cell thick and may play a minor storage role (Bewley et al. 2000) . This fact suggests that there may be a different regulatory mechanism for the production of seed storage compounds other than a regulatory system involving FLO2. Thus, we expected that A. thaliana FLO2 might have some further functions.
We found mutants SALK_138275 and SALK_208556 that had an insertion of T-DNA in the AtFLO2 gene. These mutant plants showed defective expression of AtFLO2. The homozygous mutant lines set large rosette leaves. To avoid the additional effects caused by a mutation of the unidentified gene, we back-crossed the SALK_138275 mutant with the wild-type plant, and obtained homozygous mutant plants among the F 2 progeny which showed the mutant genotype exhibiting defective expression of the AtFLO2 gene. In this work, we used them as the mutant of AtFLO2. The progeny of these F 2 plants retained the trait of large rosette leaves, suggesting that this phenotype was tightly linked with the flo2 mutation.
The A. thaliana flo2 mutant showed peculiar phenotypes on both leaves and siliques. The size of leaves was significantly enlarged by the flo2 mutation, and the total biomass of the leaves was increased during the vegetative stage (Fig. 1) . In rice, it has been reported that the flo2 mutants show no obvious changes in the morphology of leaves, although the rice FLO2 gene is highly expressed in leaves (She et al. 2010) . Thus, it is suggested that A. thaliana FLO2 has a function in leaves, where it was involved in regulation of the growth of leaves.
The leaves of these mutants exhibited a pale yellow color because of a decrease of chloroplasts in the mesophyll cells, and a symptom of senescence appeared in the early stage of growth (Fig. 1) . This phenomenon became stronger when the plants were grown under the condition of high luminous intensity, although the size of leaves appeared normal like that of the wild-type plant (Fig. 2) . Recently, it was reported that the mutant of the A. thaliana REC1 gene (a member of REDUCED CHLOROPLAST COVERAGE genes) shows a reduced size of the chloroplast compartment, and that REC1 protein inhibits cell expansion and chloroplast function (Larkin et al 2016) . We found that REC1 corresponded to FLL2, which is a homolog of FLO2. FLL2 and FLO2 showed a high degree of similarity, and it is presumed that their functions largely resemble each other. Probably, A. thaliana FLO2 has similar functions to those of FLL2 that have been reported by Larkin et al (2016) . Biomass productivity is greatly influenced by the efficiency of photosynthesis. Defective expression of FLO2 caused a decrease in chloroplast number (Fig. 1) , which may inhibit photoassimilation in leaves. Therefore it is considered that the photoassimilatory ability was reduced in the flo2 mutant. However, the flo2 mutant showed a significant increase of total biomass during the vegetative stage (Fig. 1) . Iodine staining and PETIS analysis of the vegetative plants suggested that the flo2 mutation caused depression of translocation of the assimilated carbon into sink organs (Fig. 7,  8 ). These facts suggest that a large amount of assimilates were apt to accumulate within the leaves of the flo2 mutant, and they might be utilized for leaf growth. It is also suggested that A. thaliana FLO2 participates in translocation of the assimilated carbon from the source organ to the sink organs.
Under normal light conditions, the flo2 mutant grew faster than the wild-type plant during the vegetative stage, leading to a significantly large biomass production. These features might be caused by the inefficient partitioning of photoassimilates in the flo2 mutant, which could promote plant growth under normal light conditions. In contrast, when the flo2 mutant grew under the high light intensity, the size of the plant was relatively small, with leaves turning to yellow in the early growth stage (Fig. 2) . In this case, aging events may be induced due to an excess amount of photoassimilates in leaves, resulting in the appearance of early senescence features in the flo2 mutant under the high light conditions. The flo2 mutant normally progressed to the reproductive stage, although the timing of bolting was slightly earlier than that of the wild-type plant, and set normal shaped flowers (Fig. 3) . This fact is comparable with what is observed in the rice flo2 mutant, because we have observed that the rice flo2 mutant set a normal number and normal shaped flowers with normal timing (She et al. 2010 ). These results suggest that the flo2 mutation had little influence on the process of inflorescence and morphogenesis of the flowers. However, siliques on the A. thaliana flo2 mutant were significantly smaller, leading to a reduced yield of seeds (Fig. 3) . Phenotypes observed in siliques might be ascribed to reduction of efficiency of transport of compounds from the source organs to the sink organs.
Arabidopsis thaliana endosperm is consumed during seed development, and remains as an endosperm layer adjoining the seed coat in mature seed (Bewley et al. 2000) . The endosperm layer of the mutant seeds was thinner, and they were structurally weak, although the individual seeds showed normal features like those of the wild type (Fig. 4) . Hematoxylin and eosin staining suggested shortage of cellular material in the cells (Fig. 5) . A reduction of strength of Nile blue staining was detected on the flo2 mutant cells (Fig. 5) . Nile blue is commonly applied for detection of lipid droplets in the cell (Bonilla and Prelle 1987) . This observation suggested that reduced accumulation of storage lipid might occur in the flo2 mutant seeds. In developing seeds of the flo2 mutant, expression of the genes encoding 3-ketoacyl-acyl carrier protein synthase and FatA acyl-ACP thioesterase, which are involved in production of plant lipids, was reduced (Fig. 6) . These phenotypes indicate that the flo2 mutation had some influence on the process involved in determination of the quality of seed materials, such as accumulation of storage lipids.
The rice flo2 mutant shows an obvious difference in features of the endosperm, resulting in a floury seed phenotype with aberrant starch granules (She et al. 2010 ). In the rice endosperm, it is predicted that many genes involved in biosynthesis of storage compounds work in an orchestrated manner under the controlof some regulatory factor, such as FLO2 (She et al. 2010) . Although the A. thaliana flo2 mutant seeds germinated normally, this mutant showed a quite different phenotype from those of rice because this mutant showed peculiar phenotypes on both leaves and siliques. Seed quality was quite low. Developing seeds showed decreased expression of the genes involved in production of storage lipids, whereas no difference was detected in the expression of genes for other storage compounds (Fig. 6) .
It was suggested that the flo2 mutant leaves had a reduced photoassimilatory ability because of a decrease of chloroplast numbers in the cell. However, the total biomass of the rosette leaves increased significantly (Fig. 1) . This phenomenon became stronger when the flo2 plant was grown in the high light intensity condition (Fig. 2) . Starch accumulation in the sink organs, which originated in the transported carbon assimilates, was depressed in the vegetative flo2 mutant (Fig. 7) . PETIS analysis detected a decreased amount of photoassimilate transport in the flo2 mutant (Fig. 8) . In the reproductive stage, the flo2 mutant produced small siliques with a significantly reduced yield of seeds (Fig. 4) . The quality of seeds was lowered with reduction of seed storage accumulation (Fig. 5) . It has been reported that the relationship between leaf area and plant biomass was found to be non-linear and variable depending on carbon partitioning (Weraduwage et al. 2015) . It is suggested that A. thaliana FLO2 is strongly involved in regulation of translocation and transport of assimilates, and functions as a key factor which contributes greatly to quality control in the various processes involving substance supply or transfer, such as photoassimilation, leaf enlargement, aging, yield of seeds in a silique and accumulation of seed storage compounds. It is predicted that these factors observed as the phenotypes of the flo2 mutant were caused by lower performance of translocation or transportation of the photoassimilates in the flo2 mutant.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana seeds were sterilized by sequential washing in 70% ethanol for 1 min with continual inversion, in a solution containing 5% sodium hypochlorite (v/v) and 0.1% , and rinsing in deionized water three times. Seeds were kept in the dark at 4 C for 3 d, and then spread on an MS agar plate (Murashige and Skoog 1962) containing 0.8% (w/v) Type-M agar (WAKO Pure Chemicals, Inc.) supplemented with 1% (w/v) sucrose, 0.05% MES, pH 5.8 and 0.1% B5 vitamin mixture (0.3% thiamine hydrochloride, 0.05% pyridoxine hydrochloride and 0.5% nicotinic acid). Plants were grown in a growth chamber (Tomy Seiko) under constitutive bright conditions at 22 C. To provide high luminous intensity to the plants, an additional light-emitting diode (LED) was put in the growth chamber. Seeds were harvested from siliques of the plant at 70 DAS.
Establishment of a homozygous mutant line
Mutant lines were screened in T-DNA tag lines using T-DNA express (http://signal. salk.edu/cgi-bin/tdnaexpress). Seeds of a T-DNA insertion line, SALK_138275, bearing an insertion in the 13th intron of the At1g15290 gene, which was designated AtFLO2, was obtained from the Arabidopsis Biological Resource Center, Ohio University (http://www.arabidopsis.org/). A homozygous AtFLO2 mutant plant was chosen among the progeny that were obtained by backcross between the SALK_138275 and the wild-type (Col-0) plants, and established as a flo2 mutant line.
Analysis of the genotype
The genotype of the progeny of the mutant plant line was determined by PCR using the following primer sets. Primers 1529-S (5 0 -gtgtcgggatggtcgagaccaagttc-3 0 ) and 1529-T (5 0 -tggattggtacctgtgtgcaaggttc-3 0 ) were used for detection of the wild-type AtFLO2 gene. A primer set, 1529-S and LB (5 0 -tggaccgcttgctgcaactct-3 0 ), was used for determination of insertion of T-DNA in the AtFLO2 gene. Primers 1529-S and 1529-T corresponded to the nucleotide sequences in the region of the 13th exon and 13th intron, and 16th exon, respectively, of the At1g15290 gene, and LB corresponded to the left border regions of T-DNA. The positions of these primers are shown in Fig. 1A . Genomic DNA was prepared by the cetyltrimethylammonium bromide (CTAB) method (Ausubel et al. 1987) . PCR was performed using Blend Taq DNA polymerase (Toyobo).
Bioinformatic analysis
Homologs of rice FLO2 were searched for by BLASTN and BLASTP using the web site of the Arabidopsis Information Resource (TAIR) (http://wwwarabidopsis.org). The ClustalX2.1 program (http://clustalx.software.informer.com/2. 1/) was additionally used for secondary analysis of these sequences. For phylogenetic analysis, the amino acid sequences of the FLO2 protein and its homologs were aligned using the ClustalX program from the Clustal website (http:// www.clustal.org/). The phylogenetic tree was constructed using the Phylip Neighbor-Joining method (Felsenstein 2005) with bootstrap values from 1,000 Neighbor-Joining bootstrap replicates. The tree was visualized using the program TreeView (Page 1996) .
Histochemical analysis
For the hematoxylin and eosin staining, mature seeds were fixed in paraffin blocks according to the established method (Ausubel et al. 1987) . Sections (5 mm) were cut using an RM2145 microtome (Leica). They were stained with hematoxylin (Wako Pure Chemicals) and eosin (Sigma-Aldrich) solution according to Nakao et al. (2007) , and observed using an Axioimager A1 microscope (Carl Zeiss). For Nile blue and iodine staining, mature seeds were soaked in water for 3 h, and their seed coats were removed by hand. Then naked seeds were fixed in 4% paraformaldehyde in potassium phosphate saline (pH 7.2). Seeds were immersed in a series of different concentrations of sucrose solutions, and then embedded in Tissue-Tek OCT compound solution (Sakura-Finetek). These specimens were quick-frozen and then sectioned by the cryo-sectioning method (Ausubel et al. 1987) . Nile blue and iodine staining were performed using 20 mm frozen sections according to the procedure supported by Sigma-Aldrich.
Scanning electron microscopy analysis
Scanning electron microscopy observation was performed according to the method of Imai et al. (2006) . Mature seeds were cut transversely using a knife, and put onto the stage of a HITACHI S-3500N scanning electron microscope (Hitachi Co.) to take images. All procedures were carreid out according to the manufacturer's protocol.
Protein extraction and SDS-PAGE
Proteins were extracted from the powdered seeds as described previously (Asano et al. 2002) . SDS-PAGE and protein gel blot analysis were performed according to Ausubel et al. (1987) . In this experiment, 100 grains of each line were combined and used for preparation of total proteins.
RNA extraction, reverse transcription-PCR (RT-PCR) and real-time quantitative RT-PCR
For RNA preparation, we harvested 2-week-old third leaves and developing siliques including seeds at 5 d after pollination. Total RNA was extracted from each tissue using an RNA quouse-micro kit (Thermo Fisher Scientific, Inc.). The first-strand cDNA was synthesized from 0.2 mg of total RNA using a ReverTra-Ace cDNA synthesis kit (Toyobo) with oligo dT(20) primer. Real-time quantitative PCR was performed using the QuantStudio3 (Thermo Fisher Scientific, Inc.) with an SYBR Green Real-time PCR mix (Toyobo). The value of ubiquitin-conjugating enzyme 21 (UBC, At5g25760) was used for data normalization as a positive control. Primer pairs for PCR are listed in Supplementary Table S1 .
PETIS measurement
PETIS measurement was performed as described previously (Yamazaki et al. 2014) . Plants were set into the field of view of the PETIS (modified type of PPIS-4800; Hamamatsu Photonics) and sealed in with the cover box. Two opposing detector heads of the PETIS apparatus, which were set 20 cm apart from one another, were installed in a plant growth cabinet. A positron, the antiparticle of an electron that was emitted from the tracer, immediately underwent annihilation by collision with an electron of an adjacent atom in the plant tissue. A pair of g-rays was emitted in opposite directions from that point. The position-sensitive detectors of the PETIS detected the pair of annihilation g-rays at the same moment. The emission point was determined as the middle point of the two incident points. Repeated determinations of the emission points reconstructed one static image of the radiotracer distribution. Continuous and constant light was provided for the test plants throughout the experiments. Exactly 30 MBq of 11 CO 2 tracer was provided rapidly into the chamber and, at the same time, PETIS measurements started. One static image of 11 C distribution was provided by image acquisition by PETIS for 10 s. One hour of measurements was performed and 360 serial images were obtained in total. PETIS measurement was performed with freshly prepared 11 CO 2 using 20 individuals as the test plants along with the same number of control plants at the same time. The 11 CO 2 gas was produced via the nuclear reaction 14 N (p,a) 11 C by bombarding a pure nitrogen gas target with a proton beam at an energy of approximately 10 MeV from the AVF cyclotron of the Takasaki Ion Accelerators for Advanced Radiation Application (National Institutes for Quantum and Radiological Science and Technology). The resultant 40-60 MBq of 11 CO 2 (corresponding to approximately 0.12-0.18 pmol) was collected into the trap consisting of a stainless steel pipe cooled with liquid nitrogen, and its radioactivity was measured; it was then transferred to the gas-conditioning system. The correct timing to feed exactly 30 MBq of 11 CO 2 to the plant was calculated based on the measured radioactivity and the decay rate of 11 C (half-life: 20.39 min). The image data were automatically corrected for the decay of 11 C and exported from the PETIS. Therefore, all the images and graphs shown represent the amount of total carbon, not only 11 C, which was originally fed together to the plant. NIH Image J software (http://imagej.nih.gov/ij/) was used for image analyses.
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